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Following cell surface receptor binding and membrane fusion, human immunodeficiency virus (HIV) virion
cores are released in the cytoplasm. Incoming viral proteins represent potential targets for cytosolic proteases.
We show that treatment of target cells with the proteasome inhibitors MG132 and lactacystin increased the
efficiency of HIV infection. Proteasome inhibitors were active at the early steps of the viral cycle. Incoming
p24Gag proteins accumulated in the cytosol, and larger amounts of proviral DNA were synthesized. In vitro,
purified 20S proteasome degraded HIV virion components. Thus, degradation of incoming viral proteins by the
proteasome represents an early intracellular defense against infection.

The early phases of the human immunodeficiency virus
(HIV) life cycle include receptor-specific binding of virions to
target cells and fusion of viral and cell membranes (9, 14, 40).
Virion cores are then released into the cytoplasm, where un-
coating events take place and reverse transcription is per-
formed (2, 27, 41). The resulting proviral DNA is present in
large nucleoprotein complexes, termed preintegration com-
plexes, containing the viral integrase and reverse transcriptase
enzymes and nucleocapsid (NC), matrix (MA), and Vpr pro-
teins (5, 15, 16, 26). Translocation of preintegration complexes
into the nucleus is associated with structural changes, including
a reduction in size and altered protein composition (26). The
proviral DNA integrates into the host DNA to complete the
infection cycle.

How the cell participates in or, just the opposite, protects
itself against the viral aggression is poorly documented. Viral
proteins newly released in the cytoplasm may be considered as
abnormal components and attacked by cytoplasmic proteases.
The proteasome is the main proteolytic complex operating in
the cytosol and the nucleus. It is involved in many biological
and degradative processes, ensuring the removal of misfolded
or ubiquitinated proteins. It controls the cell cycle and gener-
ates antigenic peptides presented by major histocompatibility
complex class I molecules (8, 12, 24, 36). Two forms of the
proteasome exist in the cell. The 20S (700-kDa) proteasome
contains multiple peptidase activities, and the 26S (2,000-kDa)
proteasome, which degrades ubiquitinated proteins, contains
an additional 19S regulatory complex, including ATPases and
components necessary for binding protein substrates (8, 12, 24,
36). The yeast 20S proteasome crystal structure has been re-
cently resolved (22).

In this report, we examined the role of the proteasome on
the early steps of HIV replication cycle. The proteasome inhib-
itors MG132 (33) and lactacystin (17) dramatically increased
the efficiency of infection, whereas calpain inhibitors were un-
effective. In the presence of proteasome inhibitors, incoming
p24Gag proteins accumulated in the cytosol of target cells and
larger amounts of proviral DNA were synthesized. In vitro,

purified 20S proteasome degraded HIV virion components.
Our data strongly suggest that the proteasome acts as an early
intracellular defense against infection by degrading incoming
viral proteins.

MATERIALS AND METHODS

Viruses, cells, and reagents. HIV-1 (NL43 strain) and HIVDenv(VSV [for
vesicular stomatitis virus]) were produced and infections were performed as
described previously (32, 38). The HIV-HSA reporter virus, which encodes the
CD24 marker, was a kind gift of N. Landau (Aaron Diamond AIDS Research
Center, New York, N.Y.) and was used as described previously (23). P4 cells
(HeLa CD41 long terminal repeat (LTR)-lacZ) (7) were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum.
CEM, Jurkat, and HUT78 human T-cell lines were grown in RPMI 1640 medium
supplemented with 10% fetal calf serum. MG132 was a kind gift of F. Baleux
(Institut Pasteur, Paris, France) (37). Lactacystin was obtained from BioMol, and
calpain inhibitors I and II were obtained from Boehringer Mannheim.

Measurement of HIV infection in P4 cells. A total of 104 P4 cells per well in
96-well plates were cultured for 24 h before infection with 200 ml of viral
supernatants (in triplicate) in the absence or in the presence of the protease
inhibitors. After the indicated period of time, cells were washed to remove
unbound virus and inhibitors. After 24 h, b-galactosidase activity was measured.
Cells were lysed in 100 ml of a mixture of 60 mM Na2HPO4, 40 mM NaH2PO4,
10 mM KCl, 10 mM MgSO4, 2.5 mM EDTA, 50 mM b-mercaptoethanol, and
0.125% Nonidet P-40. Lysates were mixed with 100 ml of 80 mM NaPO4 (pH
7.4), 10 mM MgCl2, 50 mM b-mercaptoethanol, and 6 mM chlorophenol red-
b-galactopyranoside monosodium salt (CPRG) and incubated at 37°C before
measurement of the optical density at 540 nm. Values are means of triplicate
determinations, and variations for each point were less than 10%. In situ staining
for b-galactosidase activity was performed as described previously (7).

Analysis of viral DNA synthesis. A total of 12 3 106 P4 cells were exposed to
the indicated amounts of HIV-1 in the presence or absence of MG132 (25 mM)
for 5 h. Seventeen hours later, low-molecular-weight DNA was prepared by Hirt
extraction, EcoRI digested, and analyzed by Southern blotting with a 1.9-kb
fragment from the pol region of pNL43 as a probe, as described previously (38).

Measurement of amounts of cytosolic p24Gag protein. A total of 107 P4 cells
were exposed to HIV-1 (1 mg of p24Gag) for 1 h at 37°C in the absence or in the
presence of MG132 (50 mM) or lactacystin (40 mM). Cells were then washed and
incubated at 37°C for 0, 3, or 7 h in medium containing the indicated proteasome
inhibitors. Cytosolic fractions were prepared as described previously (28). Brief-
ly, to remove virus adsorbed at the cell surface, cells were incubated for 10 min
on ice with 1 ml of pronase (7 mg/ml, freshly prepared in DMEM with 20 mM
HEPES). Cells were resuspended with 1 ml of ice-cold DMEM containing 10%
fetal calf serum, washed in ice-cold phosphate-buffered saline, and resuspended
in 2 ml of swelling buffer (10 mM Tris-HCl [pH 8], 10 mM KCl, 1 mM EDTA)
for 15 min at 4°C. Cells were then subjected to mechanical disruption by 15
strokes of a 7-ml b-pestles Dounce homogenizer. Nuclei and unbroken cells were
pelleted at 3,000 rpm for 3 min at 4°C. The resulting postnuclear supernatant was
spun at 60,000 rpm in a TL-100 Beckman centrifugator for 10 min at 4°C to
separate the membrane and vesicle-rich pellet from the cytosolic supernatant.
The supernatant was adjusted to 0.5% Triton X-100 and analyzed for p24Gag

content by enzyme-linked immunosorbent assay (Dupont).
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Analysis of LTR activity. P4 cells were seeded at 8 3 104 cells per well of a
24-well plate 24 h before transfection by the Ca-phosphate coprecipitation tech-
nique. Cells were transfected with 1 mg of the pLTRX-Luc plasmid, containing
the luciferase reporter gene driven by the HIV-1 long terminal repeat (LTR)
(39), and with the indicated amounts of the pCMV-Tat plasmid, containing the
tat gene driven by the immediate-early cytomegalovirus promoter (39). Twenty-
four hours after transfection, cells were incubated, when stated, with MG132
(50 mM) for 1 h, washed, and lysed 5 or 17 h later as previously described (39).
Luciferase activity contained in cytoplasmic extracts was measured with a lumi-
nometer (Lumat LB9501; Bertold). Results are expressed as relative luciferase
units (RLU) per microgram of cellular protein and were obtained by subtracting
background signal (from untransfected cells) from each value and dividing this
value by the amount of cytoplasmic protein contained in the sample. Experi-
ments were performed in triplicate, and variations for each point were less than
10%.

RESULTS AND DISCUSSION

The peptide-aldehyde MG132 is a potent and reversible in-
hibitor of the chymotryptic-like activity of the proteasome (33).
We examined the effects of MG132 on HIV-1 infection. P4 in-
dicator cells are HeLa CD41 cells carrying an integrated lacZ
gene driven by the HIV-1 LTR and inducible by the viral trans-
activator Tat (7). HIV-infected P4 cells produce Tat and can
be detected with high specificity by an in situ b-galactosidase
assay (7). P4 cells were exposed to HIV-1, in the absence or
presence of MG132 (25 mM), for 5 h. The proportion of b-
galactosidase-positive cells, revealed 24 h after viral exposure,
was much higher in the presence of MG132 (Fig. 1A, left
panels). Infections were also performed with HIV-1 particles
coated with the VSV-G envelope glycoprotein [HIVDenv(VSV)].
VSV-G binds membrane phospholipids, allowing virus entry
independently of the CD4 and chemokine receptors (6, 29, 31).
Infection of P4 cells with HIVDenv(VSV) was also increased
by MG132 (Fig. 1A, right panels). Thus, the stimulation of
HIV infection by the proteasome inhibitor is independent of
gp120/gp41-mediated binding and entry.

Since proteasome inhibitors affect the cell cycle, the effect of
MG132 on HIV infection was examined in P4 cells previously
arrested at the G1/S phase by aphidicolin treatment. Equiva-
lent increases in b-galactosidase activity by MG132 were ob-
served in arrested and nonarrested cells, indicating that the
effect on HIV infection did not result from a modification of
cell cycling (not shown).

MG132 activity on HIV infection was quantified by using a
b-galactosidase-based colorimetric assay. P4 cells were infect-
ed with increasing amounts of HIV-1 or HIVDenv(VSV), with
or without MG132 (50 mM), for 1 h. b-Galactosidase activity,
measured 24 h later, was three- to eightfold higher in the
presence of MG132, independently of the viral input (Fig. 1B).
The MG132 effect is known to be reversible, and a normal pro-
teasomal activity is recovered 30 min after removal of the com-
pound (12, 33). We then performed a 1-h pulse incubation with
MG132 90 min before virus exposure. HIV infection was not
increased under this condition (not shown). Thus, the peptide-
aldehyde must be present at the same time as the viral proteins
in order to increase infection. Altogether, these experiments
strongly suggest that MG132 acts at an early step of the viral
cycle.

We next investigated whether MG132 increases HIV repli-
cation in lymphoid cell lines. Proteasome inhibitors appeared
highly toxic in certain cell types, such as thymocytes and leu-
kemic HL60 and U937 cells (13, 20, 25). Toxicity probably
results from a modulation of the cell death program (13, 20,
25). Proteasome inhibitors were highly toxic in peripheral
blood mononuclear cells (cell viability of ,20% 24 h after a 1-h
pulse treatment with MG132 at 50 mM), thus impairing study
of primary T cells (not shown). MG132 (at 50 mM) was not
toxic in P4 cells and in the T-lymphoid Jurkat and HUT78 cells

(cell viability .90%, 24 h after a 1-h pulse treatment). In
contrast, high proportions of dead cells were observed after
treatment of T-lymphoid CEM and monocytic U937 cells (cell
viabilities of 50 and 10%, respectively). With the aim of ana-
lyzing the effect of MG132 on a single round of viral infection,
experiments were performed with a VSV-G pseudotype of the
env-defective HIV-HSA reporter virus, which encodes the
CD24 cell surface marker protein (23). Infected cells could be
detected by measuring CD24 expression by flow cytometry.
Susceptibility to HIV-HSA(VSV) infection varied from one
cell line to another (Fig. 2). Twenty-four hours after a 1-h
exposure to the virus (corresponding to 50 ng of p24), HeLa-
CD4 and Jurkat cells showed 13 and 12% CD241 cells, respec-
tively. CEM and HUT78 were less susceptible (3 and 6% of
CD241 cells, respectively). Inhibition of the proteasome by
MG132 induced a three- to fourfold increase in HIV infection
in HeLa-CD4, Jurkat and CEM cells, but was ineffective in
HUT78 cells. These experiments indicate that MG132 in-
creases HIV replication in T-cell lines, although HUT78 cells
appeared to be resistant to the activity of the compound. This
resistance might be the consequence of a peculiar physiology
of the proteasome or of impaired penetration of the drug in
these cells.

We then examined whether MG132 could act at a late step
of the viral cycle, by increasing Tat-mediated transactivation of
the HIV-1 LTR. P4 cells were transfected with the pLTRX-
Luc plasmid, containing the luciferase reporter gene driven by
the HIV-1 LTR, along with variable amounts of a Tat expres-
sion vector (pCMV-Tat). After 24 h, cells were incubated for
1 h in the absence or in the presence of MG132, and luciferase
activity was measured 5 h later (Fig. 3A). In the absence of
MG132, the LTR promoter yielded a baseline luciferase activ-
ity of 158 RLU, which rose to 9,963 and 31,644 RLU upon
transfection of 30 and 300 ng of pCMV-Tat DNA, respectively.
We did not observe any significant differences in both basal
and Tat-induced luciferase activities when MG132 was in-
cluded in the experiment (Fig. 3A). Similar results were ob-
tained when MG132 was pulse-added for 1 h 17 h before
measurement of luciferase activity (not shown). Therefore,
inhibition of the proteasome does not significantly affect basal
and Tat-induced transcriptional activities of the LTR.

MG132 predominantly inhibits the proteasome but also
affects, although with less efficiency, the cysteine proteases
calpain and cathepsin B (33). We examined whether the inhi-
bition of these cysteine proteases affects HIV infection. The
calpain inhibitors I and II efficiently inhibit calpain and cath-
epsin B but have little effect on the proteasome (33, 36). In
contrast, lactacystin is a specific and irreversible inhibitor of
the chymotrypsin-like and trypsin-like activities of the protea-
some (17). HIV infection was increased by MG132 and lacta-
cystin (four- and sevenfold, respectively), whereas calpain in-
hibitors I and II had no effect (Fig. 3B). Therefore, inhibition
of the proteasome and not of other cellular proteases in-
creased HIV infection in P4 cells.

Since proteasome inhibitors affect HIV infection at early
steps of the viral cycle, we monitored newly reverse-transcribed
proviral DNA. P4 cells were incubated with HIV-1 for 5 h, with
or without MG132. Nonintegrated viral DNA was extracted
17 h later and analyzed by Southern blotting (Fig. 4A). Sam-
ples were normalized for equal amounts of low-molecular-
weight DNA by hybridization with the mitochondrial gene
which codes for cytochrome b (Fig. 4A, lower panel). An HIV
probe revealed viral linear DNA and one-LTR-circle (C) DNA
(38) (Fig. 4A, upper panel). No signal was detected when
target cells were treated with zidovudine, indicating that the
hybridizing DNA was actually de novo synthesized during the
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FIG. 1. The proteasome inhibitor MG132 increases HIV infection. (A) P4 indicator cells (HeLa CD41 LTR-lacZ1) were incubated with HIV-1 (left panels) or with
HIVDenv(VSV), a defective HIV-1 strain with a deletion in the env gene and pseudotyped with the VSV-G envelope, in the absence and in the presence of MG132
(25 mM). Five hours later, virus and MG132 were removed. After 24 h, HIV-infected cells were revealed by in situ staining for b-galactosidase (b-gal) activity. (B) The
effect of MG132 is independent of the viral input. HIV infection was quantified in P4 cells in a b-galactosidase based colorimetric assay. P4 cells were infected with
the indicated amounts of HIV-1 (left panel) or HIVDenv(VSV) (right panel) with or without MG132 (50 mM) for 1 h. After 24 h, cells were lysed, and b-galactosidase
activity (optical density [O.D.] units) in cell extracts was measured. Values are means of triplicates. Variation between each point of triplicate determinations was below
10%. Data are representative of three independent experiments.
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infection period (not shown). In the absence of MG132, the
intensity of the signal correlated with the amount of virus
input, showing that the assay was conducted in its linear
phase (Fig. 4A). Whatever the virus input (0.5 or 4 mg of
p24), MG132 induced a fourfold increase in the amounts of
proviral DNA. Viral DNA molecules undergoing circulariza-
tion after their transport to the nucleus were used as a marker
to monitor the nuclear import of preintegrative complexes (4).
The ratios of circular to total viral DNA were equivalent with
or without MG132. Thus, the proteasome inhibitor signifi-
cantly increased proviral DNA synthesis and did not affect
subsequent nuclear import of preintegration complexes.

We determined whether the proteasome affects the stability
of incoming virions after entry in target cells. For this, we used
an assay based on the measurement of cytosolic p24Gag con-
tents, which reflects productive entry events (28). P4 cells were
incubated for 1 h with HIV-1 in the absence or in the presence
of MG132 (50 mM) or lactacystin (40 mM). At different periods
of time following exposure, cytosolic p24Gag contents were
measured (Fig. 4B). In order to remove virus particles ad-
sorbed at the cell surface, cells were treated with Pronase
before lysis. Lysates were then ultracentrifuged to purify cyto-
solic extracts (see Materials and Methods). In control cells, the
amount of cytosolic p24Gag did not significantly change during
the 8-h period following virus exposure. MG132 or lactacystin

treatment induced an accumulation of cytosolic p24Gag (Fig.
4B), indicating that the proteasome affects the fate of incoming
viral proteins.

In vitro experiments were performed with catalytic 20S pro-
teasome purified from rat liver (11). HIV-1 virions were pel-
leted by ultracentrifugation, resuspended in a buffer containing
0.4% Nonidet P-40 to remove viral membranes, and incubated
with proteasome for 30 min at 37°C, in the absence or in the
presence of MG132 (20 mM) or of the serine protease inhibitor
phenylmethylsulfonyl fluoride (50 mM). Viral proteins were
then revealed by immunoblotting (Fig. 5). In the absence of
proteasome, mature p24Gag (CA) and p17Gag (MA) proteins,
as well as Gag precursors (p66Gag) and intermediate cleavage
products (p41Gag and p32Gag) were visualized. Incubation with
proteasome decreased the amounts of p17Gag, p24Gag, and
p32Gag proteins, coincident with the appearance of bands of
smaller size, likely corresponding to degradation products.
MG132, and not phenylmethylsulfonyl fluoride restored the
normal viral protein profile. Interestingly, p66Gag and p41Gag

precursors were not degraded by the proteasome. This inac-
cessibility to the proteolytic activity of the proteasome may
result from either the localization of these proteins inside the
virion, their oligomeric status, or both. In conclusion, this ex-
periment shows that the proteolytic activity of the 20S protea-
some has the ability to degrade components of HIV-1 particles
in vitro.

The proteasome has an essential antiviral function in vivo.
Viral proteins synthetized in infected cells are partially de-
graded by the proteasome (19, 21, 30). Peptides generated
during protein breakdown are bound to major histocompati-

FIG. 2. Analysis of HIV-1 infection in the presence of MG132 on various cell
lines. HeLa-CD4 cells and the Jurkat, CEM, and HUT78 T-lymphoid cell lines
were infected with the HIV-HSA reporter virus pseudotyped with the VSV-G
envelope, which contains, in the place of nef, the gene coding for HSA (CD24).
Following integration and proviral expression, cells synthesize CD24, which can
be detected at the cell surface. Cell lines were infected with HIV-HSA(VSV)
(50 ng of p24Gag) for 1 h, with or without MG132 (50 mM). Infection was re-
vealed 24 h later by staining with anti-CD24 monoclonal antibodies and flow
cytometry analysis of gated living cells. Data are representative of three indepen-
dent experiments.

FIG. 3. Analysis of the effect of various protease inhibitors on HIV infection
and on LTR activity. (A) Effect of MG132 on HIV-1 LTR activity. P4 cells were
transfected with 1 mg of pLTRX-Luc and the indicated amounts of pCMV-Tat
DNA. After 24 h, cells were pulse-incubated for 1 h with or without MG132 (50
mM), and 5 h later, luciferase activities in cell extracts were measured. Results
are expressed as RLU per microgram of cellular protein. Values are means of
triplicate determinations, and variation between each point was below 10%. (B)
P4 cells were infected with HIV-1 (left panel) or HIVDenv(VSV) (right panel)
in the presence of the proteasome inhibitors MG132 (50 mM) or lactacystin
(40 mM) or with calpain inhibitor I (50 mM) or calpain inhibitor II (50 mM) for
1 h and washed. Infections were revealed 24 h later by measuring b-galactosidase
activity (optical density [O.D.] units). Data are representative of three indepen-
dent experiments.
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bility complex class I molecules and delivered to the cell sur-
face. Presentation of these peptides initiates the antiviral im-
mune defenses. Our data indicate that the proteasome has an
additional antiviral function at the cellular level, by affecting
the fate of incoming viral proteins in naive cells.

Proteosomal degradation may require previous ATP-depen-
dent ubiquitination of target proteins. The presence of ubiqui-
tinated material in HIV particles (1) suggests that at least a
fraction of incoming virions are potential targets for ubiquitin-
dependent proteasomal degradation. Alternatively, viral pro-
teins may serve as a target for ubiquitin-independent degrada-
tion by the 20S proteasome complex, as previously shown for
misfolded or normal cellular proteins (8, 12, 24, 36). Although
our experiments were performed in the presence of low deter-
gent concentrations, which may affect viral protein conforma-

tion, the in vitro degradation of viral proteins by the 20S
proteasome is consistent with this hypothesis.

Proteasome inhibitors were efficient when added during the
first hours of infection and induced an accumulation of viral
DNA and incoming cytosolic p24Gag proteins. On the other
hand, MG132 did not affect Tat-induced transactivation of the
LTR. Therefore, the proteasome acts on the early steps of the
HIV replication cycle. During this still obscure phase of the
viral cycle, virion cores are disassembled and reorganized in
order to accomplish reverse transcription. Certain cell factors
exert antiviral functions at this level. Alpha interferon is a
potent inhibitor of HIV replication, acting at multiple steps of
the virus cycle, including the initiation of reverse transcription
(34, 35). Fv1, which is homologous to human endogenous
provirus-like Gag products, inhibits murine leukemia virus rep-
lication at a stage after entry and before integration. Interest-
ingly, Fv1 requires extremely low levels of expression to exert
strong resistance to viral infection (3, 10, 18). This suggests that
at the early phase of infection, the functional organization of
incoming viral components is highly susceptible to surrounding
host factors. The proteasome likely destabilizes this fragile
organization, thus altering proviral DNA synthesis. This activ-
ity of the proteasome represents a previously undescribed early
intracellular defense against viral infection.
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